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~!
We present the frequency dependence of microwave magnetoabsorption in glass-coated amorphous
microwires of (Co1002xFex)72.5Si12.5B15 . The data were taken at room temperature in the frequency
range of 1–60 GHz for field up to 15 kOe by either a cavity perturbation technique or a coaxial
transmission line. The resulting spectra strongly depend upon the local microwave magnetic and
electric fields We have found that we can simulate the spectra using an analytic solution to the
problem of electromagnetic scattering from a cylinder. We demonstrate that these unusual spectra
can be interpreted in terms of ferromagnetic resonance and antiferromagnetic resonance. However,
because the electromagnetic skin depth is comparable to the radius, the resonance and antiresonance
field do not follow the conventional equations.
@DOI: 10.1063/1.1494847#I. INTRODUCTION
During the past few years, there has been increasing in-
terest in amorphous magnetic microwires as they exhibit gi-
ant magnetoimpedance1,2 at low field and can also display
unusual domain structures3 because of the large strains fro-
zen in during the manufacturing process. Since some of these
properties make them useful for microwave devices, a care-
ful study is essential to establish appropriate design criteria.
When they are studied by techniques such as ac susceptibil-
ity and dc magnetization, obtaining accurate values for mag-
netic properties such as the magnetization becomes challeng-
ing since the sample dimensions need to be known rather
precisely. Ferromagnetic resonance ~FMR! measurements,
on the other hand, require knowledge of only the sample
shape to determine the magnetic parameters. In addition,
they will serve to determine the sources of spin relaxation as
well as reveal magnetic inhomogeneities, if any.
Previous FMR studies of microwires4–6 have not always
been without controversy regarding the interpretation of the
spectra. In order to help settle some of these issues, we un-
dertook a systemic experimental and theoretical investigation
of magnetoabsorption in microwires covering a wide range
of frequencies and samples having a broad span of magne-
a!Author to whom correspondence should be addressed; electronic mail:
lofland@rowan.ed2050021-8979/2002/92(4)/2058/6/$19.00tostriction constants. As we shall see, the observed spectra
are far from being conventional. The interpretation requires
careful analysis of the interaction between the sample and
the electromagnetic fields In some sense, the situation is
rather similar to that found in early experiments on ferrite
spheres.7 In both cases the crucial point is that the sample
size is comparable to the electromagnetic skin depth.
II. METHODS
Glass-clad microwires of (Co1002xFex)0.725Si12,5B15 with
0,x,100 were prepared by the Taylor–Ulitovsky method.8
The series consisted of 15 samples with x
5$0,2,4,6,8,10,20,30,40,50,60,70,80,90,100%. Near x50,
the Fe content was increased in small steps in order to study
the effect of the transition from negative to positive magne-
tostriction at about 6% Fe.9 In what follows, the samples are
designated Mx , where x represents the percentage of Fe. The
nominal radius of the studied microwires is 1.5–3 mm. How-
ever, the method of manufacture does not allow one to con-
trol the radius precisely. Thus, there will be significan varia-
tion in radius along the length of the wire. As we shall see,
this interferes with a precise determination of the materials
properties.
Microwave studies were done by two methods. The firs
was a cavity-perturbation technique done at frequencies f
59.7, 26.7, 32.7, and 56 GHz with conventional homodyne
8 © 2002 American Institute of Physics
detection. A single wire was located in the cavity such that
the rf electric fiel e rf was nearly zero. This is very impor-
tant. The dc fiel H (0,H,16 kOe) was along the axis of
the wire while the rf magnetic fiel h rf was perpendicular to
it. Since many of the spectra contained fairly broad features,
fiel modulation was not employed.
The second used a terminated coaxial transmission line
for 1 GHz, f,8 GHz which was discussed in detail in Ref.
10. To summarize, we used a modifie transmission line
wherein the dielectric was replaced by several microwires
aligned axially rather than the single wire used in the cavity
perturbation method, and H was applied along the ‘‘sample.’’
In this situation, both the high frequency field e rf and h rf are
nonzero at the sample. The transmission line was terminated
with a short so that the reflectio parameter provided a de-
termination of the magnetoabsorption as the frequency was
swept, holding H constant, in contrast to the cavity perturba-
tion technique where H was swept.
III. RESULTS
By and large, wires for all x values exhibit the same
spectral features. Two typical sets of spectra (x510,80)
taken from the cavity method are shown in Figs. 1~a! and
1~b!, respectively. It is notable that at 9.7 GHz one observes
only a broad ~several hundred Oe wide! dip in the absorp-
tion. That is, a signal reminiscent of the ferromagnetic anti-
resonance ~FMAR!11 is the only observable feature. At the
higher frequencies, one can identify an absorption peak.
However, it is severely distorted in that the signal drops
sharply just above the peak and exhibits a weak minimum
prior to becoming fiel independent at high fields In addi-
tion, one should note that: ~a! the observed spectral shapes
are rather sensitive to the location of the conducting sample
in the cavity. One has to ensure that the loss due to e rf does
not become dominant ~this is particularly important for f
<10 GHz!; ~b! many wires exhibit more than one poorly
resolved line; ~c! for given x, the spectrum is not exactly the
same for every piece of the wire, reflectin the possible in-
homogeneities consequent on the manufacturing process;
and ~d! the wire radius ~an important parameter, see Fig. 4!
tends to vary somewhat.
IV. DISCUSSION
It is apparent from Fig. 1 that FMR is not only unob-
servable at f,10 GHz but also when it does appear at higher
f it is rather distorted. Therefore, it is very surprising that the









for a cylinder with the fiel parallel to the axis. The effective
parameter values for various samples are listed in Table I.
Here, the symbols have their usual meanings; v is the angu-lar frequency, g5gmB\ the gyromagnetic ratio, M eff the ef-
fective saturation magnetization, and Han the anisotropy
field Han is written with the implicit assumption that the
symmetry axis is along the wire.
However, in light of the discussion below, and keeping
in mind that the spectral features are rather wide, it is not too
fruitful to compare these values to other determinations apart
FIG. 1. Spectra for: ~a! x580 and ~b! x510 at various frequencies taken by
the cavity perturbation methods. At 9.7 GHz, there is only a dip while at
higher frequencies there are both a maximum and a minimum.






0 2.23 440 0
10 2.26 480 110
20 2.36 450 250
30 2.27 620 300
40 2.27 580 200
50 2.20 850 370
60 2.20 770 340
70 2.18 820 340
80 2.27 800 320
90 2.28 770 250
100 2.30 690 260
from remarking that the M eff values are not too different
from the dc magnetization data except at the highest x and
the Han values can be reasonably ascribed to magnetoelastic
effects with credible values for the frozen-in stress12 and the
magnetostriction constants.9
In a recent article,6 Eq. ~1! was used to interpret what
were claimed to be FMR spectra in the present samples at
f<8 GHz ~Fig. 2!. Although the data appeared to yield rea-
sonable values for Han and M, the analysis is not justifie
since the electromagnetic skin depth d5d0 /Am @d0
5c/A2pvs'(16 mm)/Af /GHz# , where c is the speed of
light and s the conductivity (s21;100 mV cm) is always
much larger than the wire radius a. Indeed, as noted above,
the low-frequency feature should be interpreted as a trans-
parency or FMAR ~Fig. 1!. Further details of the low-f data
are discussed later. The question is, why is Eq. ~1! appropri-
ate?
To be precise the main point is that when a;d0 , the
dynamic variables m and hrf are not uniform inside the
sample and the use of dynamic demagnetization factors is
inappropriate. Rather, one must use the generalized perme-
ability tensor mJ and explicitly invoke the boundary condi-
tions on both the dynamic magnetic induction brf and mag-
netic fiel hrf at the sample surface so as to take account of
the variation of the dynamic field inside the cylinder. Since
FIG. 2. Spectra for: ~a! x50 and ~b! x560 taken as a function of frequency
at constant fiel by the coaxial line technique. In all cases, one observes a
peak. Note for ~b!, there is even a peak at H50.we are considering the case where the dc fiel is applied
along the cylinder ~z! axis, the cylindrical symmetry of mJ
mJ5F m1 2im8 0im8 m1 0
0 0 mz
G ~3!
allows for an analytic solution to the problem of a plane
wave incident on a cylinder, the general form firs given by
Sammadar.13 The plane-wave approximation seems reason-
able for cavity perturbation results as we used conventional
microwave spectrometers, with TE10n mode rectangular cavi-
ties with the wire in a location where the rf electric fiel is
very nearly zero.
We assume that, as a firs approximation, we may ignore
the damping and use the Polder permeability14




We take the permittivity « to be isotropic with «
54pis/v . The case considered here is one of normal inci-
dence with the incident hrf being perpendicular to the cylin-





























where Jn(x) is the Bessel function of order n, Hn
(2)(x) the
Hankel function of the second kind of order n with primes
indicating the derivative of the function with respect to its
argument, and k5v/c is the freespace wave number. Since
the sample radii are much smaller than the freespace wave-
length 2p/k , the relevant quantity is the dipole moment per
unit length with the microwave absorption being propor-
tional to its imaginary part. Thus, we need only to sum the
n51 and 21 terms of the scattered moments. That is, the




We have calculated the spectra using d0
5(16mm)/Af /GHz, M51000 emu/cm3, g52.2, and a
52.5 mm, appropriate to x580. Note that qualitatively, the
computed spectra of Fig. 3 are in excellent agreement with
the experimental results of Fig. 1~a!.
At low frequencies, there is only a FMAR. This occurs
at the dc fiel where the diagonal term in the permeability is
zero, namely @(v/g)25H(H14pM )# , which is identical to
Eq. ~1!. Note that b rf vanishes at this value of H. Hence, the
induced electric fiel and concomitantly P vanish. For very
low frequencies or for very thin wires, where d is much
larger than a, the transparency will be unobservable since the
eddy current losses are small in any case. For v.2pgM , in




The approximate sign reflect the effect of the sample size,
which is discussed next.
In Fig. 4, we have calculated the spectra for 26.7 GHz
using the aforementioned values for g and M with a varying
from 1 to 3.5 mm. There is a significan change in the spec-
trum with a mainly because the resonance fiel varies with a.
FIG. 3. Calculated spectra for x580, using M51000 emu/cm3, g52.2, and
a52.5 mm. There are qualitative similarities between the simulations and
the spectra in Fig. 1.
FIG. 4. Calculated spectra, using M51000 emu/cm3, g52.2, and 26.7 GHz
for various values of a with d0;3 mm. The spectra are rather sensitive to
the radius for a;d . The inset shows the calculated dependence of the field
for FMAR (H1) and FMR (H2) on radius.This is due to the fact that as a becomes comparable to d0 ,
the resonance fiel must eventually change to that expected
of a parallel plate. Consequently the FMR lines are distorted.
The shift from the value given by Eq. ~8! is quite sizable,
even for a51 mm. Note, however, that the FMAR does not
move ~Fig. 4, inset!.
In Fig. 5, we plot the calculated resonance field as a
function of frequency for a varying from 1 to 3.5mm. If one
were to assume that Eq. ~8! is appropriate to interpret the
FMR, the resulting slopes and intercepts would vary consid-
erably, and at best one would obtain effective g values lying
between 2.1 and 2.3 and effective M values ranging from 760
to 1080 emu/cm3 ~cf. Table I!. Obviously, without a precise
knowledge of a and s, any determination of the magnetic
parameters will be far from precise.
To repeat, while the simulated curves qualitatively repro-
duce the features in the measured spectra, it is not fruitful to
attempt a quantitative match to fi the material parameters.
At this stage, further caveats must be mentioned. In addition
to concerns about sample homogeneity, as well as precise
knowledge of sample size and resistivity, there are other is-
sues. For example, as shown by Jackson and Barmatz,15 the
field in a rectangular cavity can be represented as the super-
position of six plane waves. We have used the solution of a
single plane wave scattering off a cylinder as an approxima-
tion to the cavity perturbation problem. This seems to be
reasonable for the present situation. Since we have assumed
that hrf is normal to the cylinder axis and because we have a
conducting cylinder, erf must be near zero to satisfy the
boundary conditions. This is close to the situation under
which the measurements were made. However, in general,
one notes that slight misalignment of the sample within the
cavity may cause erf to be large at the sample surface, a
situation which cannot be realized by considering a plane
wave scattering off a conducting surface.
While the fiel values of the features within the spectra
are likely to be unaffected, their shapes are rather sensitive to
the relative values of hrf and erf A single microwire was
FIG. 5. Frequency dependence of the resonance field using M
51000 emu/cm3, g52.2, and 26.7 GHz for various values of a. If one
assumes Eq. ~4! is the proper interpretation of the data, the resulting values
for g and M vary significantl .
.
studied by the cavity perturbation technique, using a rectan-
gular cavity at 9.5 GHz and sweeping H. As discussed in
earlier, if the sample was placed in such a way that h rf was a
maximum and e rf nearly zero, one observed the expected dip
in absorption due to FMAR. If, however, e rf was nonzero, a
peak in the absorption appeared at the same field In the
absence of our latest findings it is understandable why in
Ref. 6, some of us were led to claim that the peak in the
absorption in Fig. 2 be ascribed to FMR. As noted above, the
observed spectra are extremely sensitive to the placement of
the sample.
The results of the cavity perturbation methods are criti-
cal in interpreting the data taken from the terminated coaxial
line ~Fig. 2!. One complication is that the samples studied
are not single wires and their placement is random so that
variations in the local fiel are difficul to ascertain. Never-
theless, it is believed that to a firs approximation the essen-
tial physics can be accessed with the analysis that we have
discussed. One notes that under appropriate conditions, it
should be possible to observe a zero-fiel FMAR or natural
~N! FMAR @Eq. ~1!#. In light of the above discussion of
sample placement, the peaks of Fig. 2 are now identifie as
FMAR, and in Fig. 2~b! one also notes the NFMAR in x
560 for H50.
Figure 6 shows the hysteresis loop for x560 and one
notes the clear bistable behavior, with a very small coercive
field The existence of a stable residual state accounts for the
NFMAR in Fig. 2~b!.
In Fig. 7 are collected together representative low-
frequency FMAR data for x50 and 60. It is to be noted that




and provides an excellent description for all the observations.
It is clear that because of the effects of sample size, there is
considerable ambiguity regarding the values of the param-
eters g and M and concomitantly Han since we have no way
of accessing the precise radius of every wire in the sample,
which consists of many ~10–20! microwires.
FIG. 6. Field dependence of the magnetization of x560. The sample is
bistable at H50.A rough idea of the x dependence of 4pM and Han can
be obtained by picking a credible value for g, namely 2.2. If
so, we get the results shown in Figs. 8~a! and 8~b!. As ex-
pected, the ‘‘errors’’ are sizable, especially at large x. How-
ever, it is gratifying that M increases roughly linearly with x
as also found by dc magnetization measurements9 and that
values from the low-frequency ~coaxial line, Fig. 8! and
high-frequency ~cavity perturbation, Table I! methods agree.
As expected, Han;0 for low x, where the magnetostriction
constant l is rather small. For the most part, Han;3ls/M ,
FIG. 7. Field dependence of the antiresonance frequency @Eq. ~9!#.
FIG. 8. Dependence of: ~a! the magnetization and ~b! anisotropy fiel on
doping determined from the low-frequency data. These values are in accord
with those taken at high frequency ~Table I!.
where s is the stress, so it should be relatively insensitive to
x as l and M both increase with x.
To conclude, a study of the magnetoabsorption of micro-
wave radiation in micron-size amorphous microwires shows
that if one wishes to use FMR to access the magnetic param-
eters precisely, measurements will have to be made at very
high frequencies ~.150 GHz! in order to ensure that the
electromagnetic skin depth is much smaller than the wire
radius so that the conventional FMR equations become ap-
plicable. At lower frequencies, the dynamic demagnetizing
factors become nonuniform and the resonance field become
size dependent in a nontrivial manner.
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